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FOREVORD 


The  study  on  vniich  this  report  is  based  was  accomplished  in  the 
cardiovascular  and  human  centrifuge  laboratory  of  the  Mayo  Foundation,  Mayo 
Clinic,  Rochester,  Minnesota,  under  the  direction  of  Cr.  Bari  K.  Wood  under 
Air  Force  Contract  No.  AF  33<616)-5938,  Froject  No.  7220  and  Task 

No.  71742.  Dr.  Edwin  P.  Hiatt,  Biophysics  Branch,  Aerospace  Medical  Lab¬ 
oratory,  Wright  Air  Development  Division  was  the  contract  monitor.  Doctor 
Wood  was  assisted  in  this  study  by  Captains  Evan  F,  Lindberg  and  Robert  N. 
Headley,  USAF  (MC),  both  temporarily  assignea  'c  ^his  project  from  the 
Acceleration  Section  of  the  Biophysics  Branch,  A.’.rospace  Medical  Laboratory, 
Wiight  Air  Development  Division,  as  well  as  by  Dr.  Hiram  W.  Marshall, 

Mr.  William  F,  Sutterer  and  Dr.  Terence  F.  MeCuire  of  the  Mayo  Clinic. 

Work  on  this  project  started  on  29  May  1958  and  continued  until  I  August 
1960. 


This  study  was  made  possible  by  the  unstinting  cooperation  of 
many  of  our  technical  and  professional  colieag”es  in  the  Section  of 
Engineering  and  Physiology,  among  which  Miss  Lucille  Cmnin,  William 
Hoffman,  .Tim  Isaacson,  Ronnie  Wilcox,  Ed  Tervo,  and  Mrs.  Jeaa  Frank  ars 
deserving  of  particular  mention. 


ABSTRACT 


The  purpose  of  this  research  was  to  tsieasure  cardiac  output  and 
related  physiological  variables  in  human  subjects  exposed  to  acceleration 
stress  in  various  body  orientations.  Results  of  these  experiments  indicate 
toat  an  average  decrease  in  cardiac  output  of  227)  of  control  values  occurs 
in  subjects  exposed  to  headward  accelerations  of  4  g.  No  sjstematic  change 
in  cardiac  output  could  be  demonstrated  when  these  same  subjects  were  e;  -■osed 
to  forward  accelerations  of  up  to  S  g.  As  the  duration  of  these  exposures 
to  acceleration  were  increased  to  10  minutes,  r'o  further  alterations  in 
output  were  demonstrable. 

Exposure  to  headward  acceleration  caused  decreases  in  right  atrial 
and  esophageal  (intrathoracic)  pressure  and  in  the  oxygen  saturation  of 
arterial  blood  tiiich  were  proportional  to  the  magnitude  of  the  acceleration. 
Forward  acceleration,  however,  caused  relatively  large  increases  in  right 
atrial  and  esophageal  pressure  but  a  decrease  in  arterial  oxygen  saturatic*'. 
The  decrease  in  arterial  oxygen  saturation  vas  prevented  by  breathii  -  99.6% 
oxygen. 
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ErrECT  OF  HEAD-.'ARD  rA-.D  FORWAiU)  ACCELERATIONS  ON  TilE  CARDIOVASCULAR  SYSTEM 


The  physiology  of  the  visual  blackout  phenomenon  encountered  during 
headward  acceleration  as  experienced  in  fighter  aircraft  of  the  World  War  II 
era,  has  been  fairly  well  defined  and  reasonably  effective  preventative 
measures  have  been  developed.  Now  the  problems  confronting  the  investigators 
in  the  field  of  acceleration  physiology  arc  related  either  to  the  much 
longer  duratio-i  <'f  exposures  and  on  occasion  to  the  mjch  higher  levels  of 
acceleration  which  are  anticipated  in  the  flight  of  future  aircraft  and 
spacecraft.  It  is  therefore  important  that  ^he  effect  of  acceleration 
lasting  several  minutes  be  known  at  magnitudes  below  that  causing  blackout, 
pain,  unconsciousness,  respiratory  failure,  and  other  gross  endpoints.  In 
order  to  determine  the  basis  of  decrements  of  human  performance  which  nay 
be  attributed  to  failure  of  the  cardiovascular  system  under  these  conditiwio, 
it  is  necessary  to  have  measurements  of  cardiac  output  or  some  direct  reflection 
of  it  under  acceleration  stress  applied  to  human  subjects  in  various  vecto-.o. 
Until  recently  no  actual  measurements  of  cardiac  output  during  acceleration 
had  been  reported  in  human  subjects.  In  September,  1959,  Howard  (ref.  8) 
reported  the  determination  of  cardiac  output  in  two  subjects  using  the  direct 
Pick  principle  daring  exposure  to  headward  acceleration  over  a  period  of 
approximately  5  minutes  while  reclining  supine  in  the  fully  extended  posi¬ 
tion.  A  32  percent  decrease  in  output  at  2  g  nd  a  40  percent  decrease  at 
2.4  g  were  demcmst rated. 

The  purpose  of  this  investigation  was  to  measure  the  cardiac  output 
in  human  subjects  during  exposure  to  both  headward  (positive)  and  forward 
(transverse)  acceleration  while  in  the  more  usual  seated  position.  The 
indicator-ailution  technique  with  sudden  single  injections  of  dye  into  the 
right  atrium  aid  continuous  recording  of  the  resulting  curves  fro  rterial 
blood  was  used.  These  studies  were  carried  out  during  1  minute  and  10  minute 
exposures  to  headward  acceleration  and  during  10  minute  exposures  to  forward 
acceleration.  Since  three  separa^'e  series  of  experiments  were  conducted,  the 
results  of  these  studies  are  presented  in  three  sections: 

I,  The  Effect  of  Headward  Acceleration  of  1  Minute  Duration 

II.  The  Effect  of  Headward  Acceleration  of  10  Minutes  Duration 

III.  The  Effect  of  Forward  Acceleration  of  10  Minutes  Duration 

In  general,  the  experimental  methods  employed  in  each  series  were  nearly 
identical  and  are  described  in  the  next  section.  As  the  results  from  each 
series  of  experiments  are  presented,  any  necessary  modifications  of  the 
procedures  will  be  described. 

This  report  is  not  intended  to  elucidate  the  entirety  of  the  changes 
in  cardiac  jtput  induced  by  acceleration,  since  ail  measurements  of  this 
parameter  were  made  at  intervals  during  a  period  of  time  from  approximately 
20  seconds  to  10  minutes  after  the  onset  of  acceleration.  The  initial  com¬ 
pensatory  cardiovascular  response  to  the  stress,  therefore,  had  been  completed 
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(ref.  17)  prior  to  the  first  detemination.  The  results  indicate  that  headward 
accelerations  up  to  4  g  produce  a  decrease  in  cardiac  output  of  varyinj  degrees 
in  the  subjects  studied.  Tliis  decrease  usually  did  not  exceed  30  percent  of 
the  control  value  prior  to  centrifuge  rotation,  and  no  systematic  change 
occurred  as  the  Airation  of  acceleration  was  prolonged  to  10  minutes.  On 
the  other  hand,  forv.-ard  accelerations  of  up  to  5  g  did  not  produce  systenatic 
changes  in  cardiac  output  over  the  10  minute  period  during  iihich  determinations 
were  carried  out. 


'•’ATEkL^L  /.ND  rSTH'.OS 

Seven  healthy  physicians  having  previo-.-.  experience  on  a  human 
centrifuge  served  as  subjects  in  these  experiments.  The  vital  statistics  for 
these  individuals  are  given  in  Table  1. 

The  intravascular  catheters  and  radial  artery  needle  used  f^r  the 
procedure  were  introduced  while  the  subject  rested  supine  on  a  fluoroscopic 
table  equipped  with  an  image  intensifier  asse-r.bly  and  prior  to  his  entering 
the  centrifuge  cab.  The  venous  catheter,  i4iich  .^as  a  ”o.  5  Lehman  type 
(length,  100  cm.;  inside  diameter,  0.2  mm.),  was  introduced  by  percutai-ouS 
needle  puncture  of  a  vein  in  the  left  forearm  and  advanced  under  fluoroscopic 
control  so  that  its  tip  was  located  at  the  juncture  of  the  superior  vena  cava 
with  the  right  atrium. 


The  arterial  catheter,  wliich  was  a  No.  4  F.  (length:  60  cm.;  inside 
diameter:  0.6  rm.),  was  i-troduced  by  a  variation  of  the  Seldinjer  technic 
following  percutaneous  needle  puncture  of  the  brachial  artery  near  the  left 
elbow.  This  catlieter  was  advanced  under  fluoroscopic  control  so  that  its  tip 
was  in  the  subclavian  artery  jiist  above  the  aortic  arch.  A  roent jenograiii 
of  the  chest  was  taken  to  verify  the  positions  of  both  catheters  (f  re  1), 
Tue  left  radial  artery  was 


entered  with  a  "o.  20  gauge 
th in-'.-alled  needle  (length: 

8  cm.;  inside  dian'Cter:  0,76  mm.)* 

The  subject  then  v/aJ.ked 
to  the  centrifuge  room  and  entered 
the  cockpit,  '..here  the  catheters 
and  radial  needle  were  connected 
to  V23T)  Statham  strain  gauges 
mounted  approximately  at  the 
level  of  the  subject's  thiid 
intercostal  space  at  the  sternum 
and  positioned  so  that  the  sen¬ 
sing  element  wa'  perpendicular 
(transverse)  to  the  major  vector 
of  acceleration,  A  stopcock- 
controlled  bypass  system  attached 
to  these  gauge*  permitted  che  fre¬ 
quent  flushing  of  the  catheters  with 
heparinized  Ringer’s  solution 
under  pressure  to  prevent  clotting 
(ref.  14).  This  same  system  was 
used  for  baseline  checks  and 


Figure  1.  Roentgenogram  of  the 
chest  showing  placement  of  the 
aortic  and  venous  catheters. 


cati^jrhtiun  of  She  tnanoinetsr  systems  against  known  pressures  (ref.  14)  at 
intervals  between  the  exposures  to  acceleration.  A  cuvette  oximeter  was 
interposed  between  the  redial  artery  needle  and  Its  respective  strain- 
gauge  manometer.  A  two-way  stopcock  was  used  for  immediately  interchangeable 
connection  of  the  radial  artery  cuvette  system  to  the  strain  gauge  for 
recording  of  pressure  or  to  a  inechunically  controlled  30-ml.  siliconed 
hypodenaic  syringe  for  withdrawal  or  infusion  of  bioed  at  a  constant  rate 
of  25  ml.  per  minute.*  The  plunger  of  this  syringe  v'as  mechanicaily  coupled 
to  a  linear  potentiometer  for  continuous  recording  ol  its  position,  and  hence 
recorded  the  rat.'.-  .ind  V3lu«.e  of  blood  being  withdrawn  oi  icinfuicd  into  the 
artery'. 


Another  two-way  stopcock  was  interposed  between  the  venous  catheter 
and  its  strain  gauge  for  immediately  interciiangeitble  connection  of  the  catheter 
to  that  gauge  for  pressure  recording  or  to  a  solenoid-controlled,  pr.eu.iatical ly 
activated  8.5-ml,  stainless  .steel  syringe  (ref,  3)  filled  with  an  aqueous 
solution  of  indccysnine  green  (Cardlo-greea)  dye**  (5  mg./mr.).  The  piston 
of  this  syringe  was  mechanically  coupled  to  a  linear  potentiometer  for  contin¬ 
uous  recording  of  its  position,  and  hence  of  the  time,  duration,  and  volume  of 
the  sudden  single  injections  of  indocyanine  green.  The  onset  of  injection  was 
controlled  manually  by  a  push-btttton  switch,  and  the  duration  (volume)  was 
automatically  held  constant  by  an  electrical  holding  circuit.  Bach  injection 
of  Indocyanine  green  dye  (r<f.  2)  consisted  of  5  mg.  of  dye  in  a  volume  of 
1  ml.  The  duration  of  each  injection  was  0.16  seconds.  At  the  beginning 
end  end  of  each  experiment,  60  ml,  samples  of  blood  were  withdrawn  from  the 
radial  artery  into  syringes  containing  heparin.  These  samples  were  divided 
Into  aliquots  to  which  known  amounts  of  indocyanine  green  were  added  for 
calibration  of  the  cuvette  oximeter  as  described  previously  (ref,  4),  Twenty 
ml.  samples  of  both  radial  artery  and  superior  vena  cava  blood  wcie  simul¬ 
taneously  withdrawn  for  Van  Slyke  analysis  of  oxygen  content,  Aliqt  a  of 
these  samples  were  reinfused  through  the  cuvette  oximeter  as  a  check  the 
calibration  of  this  instrument  for  Mood  oxygen  saturat.ion.  The  physical 
dimensioas,  dyna.mlc  reapon.se,  and  elect. icai  circuitry  used  with  this  oximeter 
as  well  as  the  methods  of  calibration  have  been  oescfibed  previously  (ref,  3, 

4,  18).  Ten  seconds  prior  to  each  injection  of  the  indicator,  a  constant- 
rate  withdrawal  of  blood  from  the  radial  artery  tlirough  the  cuvette  oxinietof 
at  25  ml,  per  minute  was  begun,  and  it  was  continued  for  approximately  30  seconds 
after  the  injection.  This  provided  a  continuous  record  of  the  dye  concentration 
In  arterial  blood  during  the  initial  circulation  of  the  indicator.  Thti  blood 
withdrawn  during  the  dilution  curve  was  reinfused  into  the  radial  artery  upon 
completion  of  each  dye  curve.  Cardiac  output  was  calculated  from  each  of  these 
dilution  curves  by  use  of  the  method  outlined  by  Stewart,  Hamilton, and  others 
(ref.  9), 


P.espirstlons  were  recorded  by  a  thermocouple  ns  temperature  vari¬ 
ations  in  an  oral  airway,  the  nostrils  being  occluded  so  ae  to  necessitate 
breathing  through  the  mouth.  The  electrocardiogram  was  recorded  from  leads 
taped  to  the  cheat  in  a  modified  lead  11  position.  The  subject's  reaction 


*  This  mechanically  controlled  syringe  assembly  was  obtained  from  the  Harvard 
Apparatus  Co, ,  Dover,  Mass. 

**  Supplied  through  the  courtesy  of-  flynson,  W-'Stcott,  are!  Dunning,  Jnc. 


tines  to  a  heterogeneous  series  of  red  light  signals  n -tinted  at  his  fixation 
point  (105  cm.  from  the  eyes)  and  blue-green  light  signals  mounted  bilaterally 
ir  this  sare  vcrtic  -1  plane  on  a  horizontal  line  16°  from  his  fixation  point 
ivere  recorded  throughout  each  exposure  to  headward  acceleration  and  during 
the  control  determinations  of  cardiac  output.  The  rate  of  rotation  of  the 
centrifu.e  was  recorded  continuously  fcy  neans  of  a  tachometer,  and  also  the 
acceleration  in  the  centrifuge  cockpit  was  recorded  from  an  accelerometer 
mounted  at  the  level  of  the  subject’s  heart.  In  part  of  the  experiments  the 
angle  of  the  centrifuge  cab  from  the  vertical  was  also  recorded  means  of 
a  pot  :nt io-.e ter  mechanically  coupled  to  the  axle  on  which  it  rotated.  These 
variables  and  the  aortic  pressure  were  recorded  continuously  during  each 
exposure.  The  right  atrial  pressure  was  also  rscc-'ded,  except  during  the 
instant  of  the  dye  injection,  and  likewise  the  radial  artery  pressure  except 
for  the  periods  of  withdrawal  of  blood  for  recording  of  the  dilution  curves. 

Upon  complstion  of  the  series  of  centrifuge  accelerations  and 
without  alteration  ot  the  position  of  the  subject  or  strain  gagues,  fluid- 
filled  thistle  tubes  were  attached  to  the  subject  in  the  micl-axillary  line 
on  both  sides  of  the  thorax,  and  the  menisci  of  the  fluid  columns  in  these 
two  tubes  adjusted  to  the  midpoint  of  the  maximum  antero-posterior  chest 
dimension  at  the  level  of  the  third  intercostal  space  at  the  sternum,  tach 
of  the  strain  gauges  was  closed  off  from  the  pressure  being  recorded  and 
opened  instead  to  the  fluid  coin,  n  in  this  thistle  tube  system.  Through 
individual  5-second  exposures  made  at  each  level  of  acceleration  studied, 
the  shift  in  reference  level  (mid  chest  at  the  level  of  the  third  intercostal 
Space  at  the  sternum)  during  acceleration  was  recorded  as  the  subject  wsis 
pushed  dov;n  into  the  seat  and  the  manometer  systems  were  subjected  to  the 
levels  of  acceleration  at  vhich  the  physiologic  recordings  were  made.  The 
necessary  corrections  for  these  shifts  in  base  line  were  included  in  the 
meaoure'ieni  of  ail  pressures  recorded  during  acceleration. 

The  information  gathered  by  the  instruments  on  the  centrifuj,  was 
transmitted  via  a  mercury  trough  commutator  system  to  galvanometers  in  a 
separate  recording  room.  By  means  of  a  recording  assembly  described  elsewhere 
(ref.  15),  photokymographic 
records  of  these  galvanometer 
tracings  were  taken  on  two 
Cameras  simultaneously  at  paper 
speeds  of  1.25  or  5  and  25  or 
15n  mm. /sec. 

During  the  two  series 
of  hea  iward  acceleration  studies, 
activation  of  the  automatic  blood 
‘Sampling  and  dye  injection  syringes 
as  well  as  the  turning  of  stopcocks 
for  blood  withdrawal,  injection  of 
indicator,  and  flushing  of  the 
catheter  assemblies  were  perfomed 
by  an  observe,  lying  nrone  above 
the  subject  on  top  of  the  centri¬ 
fuge  cockpit  (figure  2),  The 
stopping  and  starting  of  the 
centrifuge  and  the  light  signals 

Figure  2,  Cockpit  end  of  human 
centrifuge  showing  subject's  position 
in  relation  to  observer  lying  prone 
on  top  of  cockpit  and  to  observer 
sitting  near  center  of  rotation. 
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to  the  subject  were  under  the  control  of  a  second  observer  positioned  near 
the  center  of  rotation  of  the  centrifuge  so  as  to  have  a  clear  view  of  the 
cockpit  and  the  subject  and  first  observer. 

From  the  beginning  of  rotation  the  centrifuge  required  about  5 
seconds  to  attain  a  speed  of  15  revolutions  per  minute  which  was  equivalent 
to  a  headward  vector  of  acceleration  of  1.5  g.  The  rate  of  onset  of  accel¬ 
eration  was  then  maintained  at  about  1  g  per  second  until  the  plateau  level 
of  acceleration  was  attained.  The  distance  from  the  center  of  rotation  to 
the  subject's  heart  level  was  15  feet.  For  all  the  exposures  to  headward 
acceleration  the  subject’s  feet  were  supported  in  the  usual  cockpit  position 
with  heels  32  cm.  below  the  buttocks.  The  backrest  of  the  seat  was  inclined 
backwards  13°  from  the  vertical  and  the  subject's  occiput  was  in  contact 
with  a  headrest  so  that  the  head  and  neck  were  afforded  minimal  support  in 
an  approximately  vertical  position.  The  subject  faced  in  the  direction  of 
rotation.  Which  was  counterclockwise  as  viewed  from  above  the  centrifuge. 

The  centrifuge  room  was  in  semi-darkness  during  the  exposure,  the  cockpit 
and  its  occupants  being  illuminated  by  a  shaded  200  watt  bulb  mounted  10  feet 
from  and  directed  towards  •  cockpit. 


RESULTS 

I.  The  Effect  of  Headtifard  Accele’‘~tion  of  One  Minute  Duration 


For  this  series  of  experiments,  6  subjects  underwent  a  total  of 
51  separate  exposures  to  headward  acceleration  of  60  seconds  duration  at 
plateau  acceleration  levels  which  ranged  from  2  to  4  g.  There  wem 
exposures  to  2  g,  22  exposures  to  3  g,  and  12  exposures  to  4  g,  A  ?- 
dilution  curve  was  recorded  during  each  of  these  exposures.  Thirty-  .e 
control  (1  g)  determinations  of  cardiac  output  were  interspersed  with 
the  51  determinations  carried  out  during  centrifuge  rotation.  The  subjects 
wore  a  cutaway  type  (g-3A''  anti-g  suit  viiich  was  inflated  via  a  g-activated 
valve  to  a  pressure  of  approximately  2?0  mm,  Hg,  during  one  of  the  exposures 
to  pach  of  the  three  levels  of  headward  acceleration  studied.  In  4  of  the 
6  subjects,  a  plastic  catheter  was  inserted  into  the  esophagus  via  a 
nostril  So  that  its  tip  was  at  the  level  of  the  mid  cardiac  silhouette. 

This  catheter  was  attacned  to  a  V23T>  Statham  strain-gauge  manometer  which 
provided  a  continuous  record  of  intraesophageal  (intrathoracic)  pressure, 

A  typical  photokyraographic  recording  obtained  during  a  60  second 
exiicsure  to  a  headward  acceleration  of  3  g  without  inflation  of  the  g-3A 
suit  is  sho'.vn  in  figure  3.  Note  that  the  injection  of  the  indicator  for 
measurement  of  cardiac  output  »vas  not  made  until  after  the  initial  10-second 
period  of  cardiovascular  insufficiency  induced  by  the  acceleration.  The 
sequence  of  an  initial  period  of  failure  follotved  by  cardiovascular  com¬ 
pensation  induced  by  headward  acceleration  has  been  described  previously 
(ref,  17);  ana  although  it  was  evident  in  all  of  the  exposures  carried  out 
in  this  series  of  experiments,  as  illustrated  in  figure  3,  it  will  not  be 
further  detailed  in  this  presentation.  It  should  be  remembered  and  emphasized, 
however,  that  all  of  this  section's  data  as  to  changes  in  cardiac  output 
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Figure  ?.  Typical  photokymographic  record  of  indicator-dilution 
curve  and  other  variables  during  exposure  of  healthy  man  to  headward 
acceleration  of  3  g  for  70  seccndi,, 

Vote:  (1)  The  initial  decrease  and  subsequent  compensatory  rise 
in  arterial  pressure  recorded  in  both  the  aorta  and  radial  artery  which 
occurred  within  tJ’.e  first  15  seconds  of  the  exposure  to  acceleration; 

(2)  a  dov:nward  deflection  in  ear  opacity  vdth  the  onset  of  acceleration, 
denoting  a  decrease  in  blood  content  of  the  ear,  evidently  correlated 
with  the  variations  in  arterial  pressure;  (3)  the  initial  decrease  in 
the  amplitude  of  the  ear  opacity  pulse  indicating  a  temporary  fall  in 
arterial  pressure  at  ear  level;  (4)  the  cessation  of  the  radial  artery 
pressure  tracing  when  the  radial  needle  ’.vas  opened  to  the  automatic  blood 
withdrawal  syringe  and  flow  started  through  the  cuvette  oximeter;  (5)  the 
interruption  of  the  right  atrial  pressure  tracing  as  the  catheter  was 
opened  momentarily  to  the  automatic  injection  syringe  for  injection  of  dye; 
(6)  the  rapid  injection  of  1  ml,  of  the  dye  solution  (5  mg.)  made  20  seconds 
after  the  onset  of  acceleration;  (7)  the  large  deflection  in  the  recording 
of  the  concentration  of  indocyanine  dye  in  radial  artery  blood  associated 
with  the  initial  traversal  of  the  dye  blood  mixture  through  the  central 
circulation  followed  by  a  much  smaller  deflection  denoting  the  recirculation 
of  the  mixt'irej  (8)  the  decrease  in  transmission  of  red  light  in  arterial 
blood  before  injection  of  the  indicator,  signifying  a  drop  in  arterial 
blood  oxygen  saturation  of  approximately  8  per  cent  during  the  first  30 
seconds  of  the  exposure,  tdiich  occurred  without  evident  abncxnalj.ty  in  the 
rate  or  depth  of  respiration. 

The  blood  withdrawn  for  recording  of  the  dilution  curve  was  reinfused 
into  ttie  radi-al  artery  shortly  after  termination  of  the  exposure. 


induced  by  headward  acceleration  were  obtained  during  periods  extending 
approximately  fnm  20  to  40  seconds  after  the  attainment  of  the  plateau  level 
of  acceleration.  These  data,  therefore,  pertain  only  to  this  particular 
period  of  cardiovascular  compensation  that  occurs  after  the  rapid  onset  of 
exposure  to  a  plateau  level  of  headward  acceleration.  They  are  not  pertinent 
to  the  much  more  dramatic  cardiovascular  alterations  that  occur  during  the 
initial  5  to  15  seconds  of  such  exposures. 

The  results  of  these  experiments  are  shoivn  in  figures  4  through  8, 
which  depict  alterations  in  cardiac  output,  heart  rate,  stroke  volume,  mea. 
aortic  pressure*  and  total  peripheral  resistance  **  during  accelerations  with 
and  without  inflation  of  the  aati-g  suit.  Ihe  measurements  of  heart  rate 
and  mean  aortic  pressure  were  made  from  that  portion  of  the  record  from  Wiich 
the  calculations  of  the  cardiac  output  and  stroke  volume  were  made.  Bach 
subject  was  assigned  a  number  and  every  determination  of  each  variable  was 
assigned  a  letter  in  alphabetic  sequence.  Thus  the  temporal  sequence  of 
determinations  can  be  follotved  by  means  of  the  alphabetic  designations,  and 
the  individual  variability  in  the  results  can  be  visualized. 


The  average  level  and  range  of  the  control  (1  g)  values  for  he 
cardiac  indexes  of  these  subjects,  seated  in  the  cockpit  were  3.6  and  2.5 
to  5.9  liters  per  minute  per  square  meter  of  body  surface.  The  values  were 
closely  similar  to  the  corresponding  values  of  3.5  and  2,5  to  4,4  Lt/min,/m^ 
obtained  in  this  laboratory  from  healthy  subjects  resting  supine  on  a  padded 
table  (ref,  1).  During  the  course  of  each  experiment,  the  control  values  for 
cardiac  output  in  individual  subjects  ranged  from  +10  to  +20  percent  of  the 
average  control  value  (left  panel,  figure  4),  That  this  variability  was 
related  in  part  to  some  degree  of  anxiety  during  the  procedures  is  suggested 
by  the  fact  that  the  level  of  cardiac  output  for  the  first  determinations  at 
1  g  (values  designated  by  letter  A)  and  the  level  for  the  seccnid  df  rminations 
(letter  B),  which  were  made  at  2  g,  tended  to  be  significantly  highe  than 
'chose  recorded  later,  when  presumably  the  subject's  initial  level  of  anxiety 
had  been  dispelled  by  the  successful  initial  experience  of  centrifuge  rotation 
under  these  circumstances.  With  exclusion  of  this  first  exposure  to  accel¬ 
eration,  which  was  invariably  at  the  2  g  level,  there  was  a  decrease  in 
cardiac  output  during  exposure  to  acceleration  in  each  instance  (left  panel, 
figure  4).  When  all  values  obtained  during  acceleration  are  included  and 
compared  to  the  temporally  contiguous  control  values,  the  average  decreases 
in  cardiac  output  were  7,  18,  22  percent  at  2,  3,  and  4  g,  respectively 
(table  2). 


'Then  the  skeleton  type  of  anti-g  suit  was  inflated  to  200  ssn,  Hg, 
during  exposure  to  acceleration,  the  average  values  obtained  for  cardiac 
output  were  slightly  greater  than  the  values  obtaiised  without  the  protection 
afforded  by  the  nonuniform  and  incomplete  degree  of  pressurization  of  the 
lower  part  of  the  body  that  is  provided  by  this  relatively  ineffective  anti¬ 
blackout  suit.  The  average  differences  from  the  values  \iithout  suit  inflation 
did  not,  however,  attain  statistical  significance  (figure  4,  table  2), 


*  Mean  aortic  pressure:  diastolic  pressure  ♦  1/3  pulse  pressure, 

**  Total  peripheral  resistance:  wean  aortic  pressure  (mm.  Hg.)  x  79920 

cardiac  output  (L./min.) 
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Figure  4.  Effect  of  head<»ard  acceleration  on  cardiac  output. 

Values  were  detemined  from  dye-dilution  curves  recorded  at  the  radial 
artery  in  six  subjects  20  to  40  secemds  after  the  attainment  of  the  plateau 
levels  of  acceleration  indicated  on  the  abscissa.  Values  for  the  indiv¬ 
idual  subjects  are  plotted  in  a  vertical  line  over  the  ^prepriate  numerals 
1  to  6,  shov;n  on  the  abscissa  at  each  of  the  four  levels  of  acceleration 
studied.  Tne  temporal  sequence  of  individual  determinations  in  "ach 
experiment  on  the  six  subjects  is  indicated  by  plotting  the  vali  in 
alphabetical  sequence  from  A  up  to,  for  example,  P  —  that  is.  from 
determinations  1  up  to  15  —  the  maximal  number  of  dye-dilution  curves 
carried  out  in  any  of  the  subjects.  The  letter  I  was  omitted  to  avoid 
confusion  with  the  numeral  1. 

Each  value  for  each  subject  is  plotted  as  percentage  of  the  average 
cardiac  output  obtained  in  the  three  to  five  determinations  made  frtxn  him 
in  the  control  situation  (seated  in  the  centrifuge  cockpit  with  the  centrifuge 
stationary,  hence  exposed  only  to  the  1  g  acceleration  of  gravity).  The 
averages  of  the  control  values  obtained  from  each  subject  are  given  in  table  1. 
This  makes  possible  the  'onversion  of  the  percentage  values  shown  in  figures 
3  through  7  to  absolute  varues  should  the  reader  desire. 

Note  that  the  initial  two  determinations  (A  and  B)  tended  to  give  the 
highest  values,  apparently  as  the  result  of  some  degree  of  apprehension 
which  was  dispelled  to  an  appreciable  degree  by  the  successful  completion 
of  the  first  period  of  centrifuge  rotation  under  the  unusual  conditions 
''ertaining  in  this  experiment.  Despite  the  +20  oer  cent  variation  in  the 
control  values  for  cardiac  output,  a  significant  systematic  decrease  in 
cardiac  output  during  this  period  of  exposure  to  a  plateau  level  of  accel¬ 
eration  is  evident.  This  effect  was  not  systematically  altered  by  inflation 
of  a  type  g-3A  antiblackout  suit  during  the  period  of  exposure  (right  panel). 
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The  values  of  82  and  69  to  101  beats/min.  for  the  aveiage  range 
of  control  (1  g)  heart  rates  recorded  when  the  subjects  were  seated  in  the 
cockpit  (figure  5)  were  similar  to  the  corresponding  values  of  and  59  to 
lirj  beats  per  minute  obtained  in  this  laboratory  for  healthy  subjects  under¬ 
going  cardiac  catheterization  while  resting  supine  (ref,  1).  The  heart  rate 
increased  during  acceleration  as  expected  (figure  5).  The  average  increases, 
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Figure  5.  Effect  of  headward  acceleration  on  heart  rate  of  six 
healthy  subjects. 

The  values  plotted  were  obtained  during  a  period  extending 
from  approximately  20  to  40  seconds  eifter  the  attainment  of  the 
plateau  level  of  acceleration,  (See  legend  3  for  explanation  of 
symbols  used. 


as  compared  with  the  temporally  contiguous  control  (1  g)  values,  were  14, 

35,  and  56  per  cent  at  2,  3,  and  4  g,  respectively  (table  3), 

The  average  increases  in  heart  rate  during  exposures  with  the  g-3A 
suit  inflated  to  200  mm.  Hg.  were  slightly  less  than  the  values  without  suit 
inflation,  but  the  differences  did  not  attain  statistical  significance  (figure 
5,  table  3). 

Values  for  stroke  index  were  calculated  for  each  determination  of 
cardiac  output  by  dividing  the  cardiac  index  value  by  the  average  heart 
rate  measured  during  the  period  of  inscription  of  the  dilution  curve  (figure  6). 
*1  would  be  expected  from  the  previous  comparisons,  the  values  of  44  and  31 
to  71  ml./stroke/m^  for  average  and  range  during  the  control  period  were  closely 
similar  to  the  46  and  37  to  63  ml,/stroke/m^  obtained  from  the  group  of  subjects 
catheterized  in  the  supine  position  (re£  1).  As  compared  with  the  temporally 
contiguous  control  values  (table  4),  the  stroke  index  decreased  by  24,  37,  and 
49  percent  at  2,  3,  and  4  g,  respectively.  Although  the  average  decrease  in 
stroke  index  was  less  during  acceleration  with  the  g-3A  suit  inflated,  the 
average  differences  were  not  statistically  significant. 
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Figure  6.  Effect  of  headward  acceleration  on  stroke  volune  of  six 
healthy  subjects. 

The  values  were  obtained  during  a  period  extending  from  approx¬ 
imately  20  to  40  seconds  after  the  attainment  of  the  plateau  level  of 
acceleration.  (See  legend  3  for  explanation  of  symbols  used.) 


The  values  of  97  and  74  to  113  mm.  Hg.  for  the  average  and  range 
of  mean  aortic  pressure  obtained  during  the  control  (1  g)  period  in  this 
group  of  subjects  were  similar  to  the  levels  of  mean  arterial  pressure  obtained 
in  this  laboratory  in  resting  healthy  subjects  (ref,  1),  During  exposure  to 
acceleration  without  inflation  of  the  an ciblackout  suit,  the  aortic  pressure 
at  heart  level  decreased  slightly  in  the  initial  5  to  S  seconds  of  the  exposure 
at  the  plateau  level  of  acceleration.  Aortic  pressure  then  increased  as  the 
cardiovascular  compensatory  reactions  became  effective,  so  that  during  the 
period  from  3D  to  40  seconds  after  the  beginning  of  the  exposure  the  mean 
aortic  pressure  averaged  9,  21,  and  27  percent  greater  at  2,  3,  and  4  g, 
respectively,  than  the  temporally  contiguous  control  level  of  pressure 
(fi.gure  7,  table  5). 

Inflation  of  this  rather  ineffective  antiblackout  suit  to  200  mm, 

Hg.  ir  _he  control  situation  produced  a  slight  increase  -  averaging  10  mm.  Hg.  - 
in  lujitic  pressure  (right  panel,  figure  7,  table  5),  Inflation  of  this  suit 
at  the  beginning  of  exposure  to  acceleration  prevented  the  initial  slight 
decrease  in  aortic  pressure  at  heart  level  at  the  onset  of  the  exposure,  although 
not  to  the  extent  of  producing  a  striking  degree  of  hypertension  at  heart  level, 
such  as  has  been  reported  previously,  for  other  highly  effective  models  of 
antiblackout  suits  (16),  The  slight  increase  in  aortic  pressure  produced  by 
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Figure  7.  Effect  of  headward  acceleration  on  mean  aortic  pressure 

at  heart  level  (third  intercostal  space  at  the  sternum)  in 
6  healthy  subjects. 

The  values  plotted  were  obtained  during  the  period  of  recording 
of  an  indicator-dilution  curve  20  to  40  seconds  after  the  attainment  of 
the  plateau  level  of  acceleration.  (See  legend  3  for  explanation  of 
symbois  used.) 

Note  (right  panel)  that  the  aortic  pressure  when  the  type  g-3A 
antiblackout  suit  was  inflated  at  1  g  was  cOTsistently  higher  than  the 
average  control  pressure.  During  exposures  with  the  suit  inflated 
pressures  were  significantly  higher  than  in  the  temporally  contiguous 
exposures  without  lower-body  pressurization  (table  5). 


inflation  of  the  suit  was  maint2d.ned  during  the  period  from  20  to  40  seconds 
after  the  beginning  of  the  exposure,  so  that  the  aortic  pressure  during  this 
period  averaged  approximately  15  mm.  Hg.  higher  than  without  pressurization 
of  the  lower  body.  This  increase  in  arterial  pressure  produced  by  the  suit, 
particularly  during  the  initial  seconds  of  the  exposure,  is  undoubtedly  the 
basis  for  the  moderate  degree  of  protection  against  the  occurrence  of  visual 
symptoms  which  this  suit  afforded.  In  these  six  subjects  the  average  pro¬ 
tection  afforded  by  inflation  of  the  suit  against  the  development  of  visual 
symptoms  was  approximately  1  g. 

The  average  and  range  of  control  (1  g)  values  of  1120  and  560  to 
1750  dyne  sec.  cm."'  for  systemic  arterial  pressure/flow  ratio  (systemic 
vascular  resistance)  in  this  group  of  subjects  were  closely  similar  to  the 
corresponding  values  of  1130  and  745  to  1750  dyne  sec.  cm."'^  obtained  pre¬ 
viously  in  this  laboratory  from  healthy  subjects  (ref.  1).  Exposure  to 
acceleration  ivas  associated  uniformly  with  an  increase  in  the  systemic 
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"ijure  8,  Effect  of  headward  acceleration  on  systemic  arterial 

pressure/flow  ratios  (systemic  vascular  resistance)  of 
six  healthy  subjects, 

Tlie  values  were  obtained  during  a  period  extending  fron  approx¬ 
imately  20  to  40  seconds  from  the  attainment  of  the  plateau  level 
of  acceleration,  "ote  that  —  in  contrast  to  the  cardiac  output 
(fig.  3)  —  during  the  initial  two  determinations  (A  and  U)  the 
level  of  peripheral  vascular  resistance  tended  to  be  lower  than 
for  subsequent  detem.inations.  (See  legend  3  for  explanatio  f 
symbols  used). 


pressure/flo'-.’  ratio  as  viewed  from  heart  level  (figure  3,  table  6).  The 
increase  in  this  ratio  averaged  17,  41,  and  59  percent  at  2,  3,  and  4  g, 
respectively,  the  magnitude  of  the  increase  in  "peripheral  vascular  resistance" 
induced  by  acceleration  tended  to  be  somewhat  greater  when  the  antiblackout 
Suit  was  inflated  at  the  onset  of  the  exposure,  but  this  difference  from  the 
unprotected  exposures  did  not  attain  statistical  significance  (table  6), 

The  oxygen  saturation  of  arterial  blood  as  determined  by  cuvette 
oximetry  frctii  radial  artery  blood  began  to  decrease  within  10  seconds  after 
the  onset  of  the  plateau  level  of  acceleration  (figure  3).  Tlie  averai,e  and 
range  of  ihe  minimum  values  for  arterial  blood  oxygen  saturation  attained 
before  inscription  of  the  dye-dilution  curve  shown  in  table  7,  revealed  a 
systematic  decrease  within  the  first  15  seconds  of  an  exposure  to  4  g  headward 
acceleration,  ‘..'ith  inflation  of  the  anti-g  suit  to  330  mm.  Hg.  pressure,  this 
same  degree  if  desaturation  was  reached  at  the  3  g  level.  Saturation  values 
obtained  •■•ith  the  anti-g  suit  inflated  in  this  mani.er  were  consistently  lower 
than  those  recorded  v;ith  the  suit  uninflated  at  each  level  of  acceleration 
studied.  Injection  of  the  dye  and  the  resulting  dilution  curve  recorded  by 
the  infra-red  photocell  of  the  cuvette  prevented  any  further  determination 
of  blood  oxygen  saturation  during  the  remainder  of  the  exposures  when  cardiac 
output  studies  were  being  carried  out. 
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II.  P-ie  "ffects  of  ileadwerd  ‘cceleration  of  10  inutes  Duration 


T'le  sa-e  experimental  methods  used  in  the  first  serifs  of  headward 
acceleration  studies  -  ere  utili  ed  in  this  series,  .'ith  f'e  onset  of  the 
plateau  level  of  acceleration  the  first  injection  of  dye  'as  'ade  .vithin 
20  to  30  seconds.  .\s  soon  as  this  dilution  curve  i.-as  cor^pleted  .uid  '-.’hile 
acceleration  continued,  the  auton'.tic  withdrawal  syringe  I'at  activated  to 
reinfuse  the  Vlooc'  'vithdra-vn  during  inscription  of  the  curve,  "non  comrletion 
of  the  reinf’Sion  of  blood  into  the  radial  artery’,  wi  hdrawal  'ns  aiain  be^un 
nnd  dye  injected  for  '  :e  second  deterniontion  of  cndiac  lut  jut.  This  procedure 
was  repeated  as  often  as  5  tines  d'.'.riny  toe  10  minute  eK'Os.v.rc  to  acceleration, 
eac!’  'vithd.rawal  and  in.fusi ->0  reC“i"if>S  approxi-i -tel-.  100  to  120  sec  >nds. 

2ach  of  5  subjects  was  exposed  to  3  separate  plateau  levels  of 
acceleration  of  up  to  10  rinutes  duration  ranging  from  2  to  3’,  g.  A  total  of 
25,  24,  and  13  dye  dilution  curves  were  recorded  duriny,  the  exoosurcs  to  £.•,  3, 
and  3’  g  respectively.  Twenty-i'ine  c^'nlrol  (1  g)  deterr  inat  i  ns  of  cardiac 
■'iitput  ir’ere  perforned.  prior  to  and  folloiing  the  67  deterrinat jens  carried 
out  during  centrifuge  rotation.  In  aJd;ition  to  these  C'.ntrols,  tl'C  cpir-liac 
outputs  of  4  of  the  5  subjects  were  determined  5  separate  times  in  r  .»pid 
succession  during  a  10  minute  period  with  the  centrifuge  stationary. 

Tile  results  of  these  studies  are  sho-.-n  in  tallies  3  f- rough  12  v.'iiich 
depict  alterations  in  cardiac  output,  heart  rate,  stroke  volume,  nc-ar.  .rterial 
pressure,  anci  total  rpriph. ral  resistance  during  nrolongedi  eigiosares  to  head- 
'ward  acceleration.  As  in  the  pre  i^ns  section,  the  ^  f  as.irci'.ent  of  heart  rate 
and  I'ean  aortic  pressure  were  .-ade  fro*'  that  porti.-si  of  the  record  fron  ■:hic!j 
calculations  of  tiic  cardiac  output  were  made. 

The  average  and  range  of  ccrtrol  values  for  cardiac  output  (t-  'e  ") 
are  comparable  to  those  in  tabic  2  in  the  previous  series  of  expcriients.  It 
should  be  noted  tiia.t  on  the  average  the  car’iac  -vtput  ”aricd  plus  or  minus 
11  ’percent  in  the  control  ondition  over  a  ID  min-.ite  period  of  time.  The 
range  of  individual  variation  -jas  -20  to  +22  percent  of  the  individual’s 
average  ontrol  value,  "/ith  the  juset  of  acceleration  there  was  a  decrease 
in  cardiac  output  on  the  average  d-.iri’Ug  the  first  mi  ute  of  pxn.'sure  to  all 
three  levels  of  acceleration  st'idied.  As  the  exposure  continued  for  10 
'"inutes,  ""ultiple  determi  ati  .ns  of  car ’iac  output,  at  approximately  2  minute 
intervals,  failed  to  demnstrate  any  syste"atic  de  rease  or  increase  in  the 
average  values,  an^^  the  variation  in  these  values  did  not  exceed  that  of  the 
control  period.  The  average  decrease  in  cardiac  citput  ranged  from  5  to  17, 
from  6  to  2.0,  and  fron  7  to  23  ;>ercent  of  the  individual's  control  value 
prior  to  exposure  to  2,  3,  and  3*  g,  respectively.  A  graphic  represent;  ion 
of  the  individual  variati.ons  in  cardiac  utput  during  tiie  10  ninute  exposure 
to  3  g  preceded  by  the  5  co<itrol  deterninati ->05  in  rapi+  succession  arc  sho’.'n 
in  figure  9.  In  t'v'o  instances  the  individual’s  cardiac  output  increased  at 
one  point  during  acceleration  to  values  exceeding  that  of  tlie  ccr.trol  period 
prior  to  the  exposure. 

Three  of  the  five  subjects  were  un.'>ble  to  co”plete  the  10  n'nate  exposure 
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seconds 


Figure  9.  ^'ariation  in  caruiac  cutout  prior  to  and  during  10 
ninute  exposures  to  3  g  headward  acceleration  in  5 
healthy  subjects. 

2rch  symbol  represents  sn  individual  subject’s  determination 
of  flo"  at  that  partirular  tine  located  on  the  abscissa.  The  heavy 
line  drawn  throughout  the  figure  represents  a  mean  value  at  any 
particular  mviont.  Tlie  indiviSti al's  average  control  value  is  shov/n  at 
thic  end  of  each  plot, 

to  3'  g.  .After  approximately  5  ninute.s  at  3}  <1.  these  subjects  reported 
loss  of  peripheral  vision;  two  oC  the  three  continued  the  exposure  to  the 
point  v.hcre  central  vision  =-;as  also  lost.  I'pnn  termination  of  this  exposure 
to  3’  g,  one  subject  experienced  a  period  of  bradycardia  (rate  53-55),  a 
fn  to  3-3  iT'.  :!g,  fall  in  systolic  arterial  pressure,  diffuse  sweating,  and 
I'ear  sy  icopc,  .\ftcr  2-3  minutes  ^'••ith  the  head  between  the  knees  in  a 
se’i-croiicb  ".osition  the  symptoms  abated  an.!  the  heart  rate  anJ  blood  pressure 
returned  to  oorm.nl  levels.  =igure  13  is  a  continuous  plot  of  this  subject’s 
heart  rate  •'mi  aortic  systolic  and  diastolic  pres.sure  prior  to,  during,  and 
foll.T-ing  liis  exposure  to  the  3'  g  acceleration  for  523  seconds. 

I  1  an  effort  to  elicit  the  cause  for  these  unexoected  reactions, 

■'ll  5  s.j'ojects  were  exposed  to  the  identical  profiles  of  acceleration  on 
another  -lay,  ;nthout  the  introduction  of  the  intravascular  catheters,  SCO 
leads  '/ere  taped  to  the  cliest  to  monitor  any  change  in  heart  rate  during  the 
e.xposure  an-'  the  subject’s  response  to  b-oth  peripheral  and  central  light 
si  lals  -.-as  recordc.-i,  ’’o  difficulties  of  the  type  described  were  encountered 
and  all  subjects  completed  the  three  exposures  to  2,  3,  and  3}  g  for  10  minutes, 
respectively,  '.••ithout  visual  symptoms,  bradycardia,  or  syncope. 

.’it!)  a  single  exception,  the  heart  rate  systematically  'ncreased  in 
response  to  '.lead-v.ir.'-j  acceleration,  t'le  degree  of  increase  beconing  greater 
higher  levels  of  acceleration  (table  9).  The  average  percent  increase 


A 


10,  Plot  of  hemodynaoiic  data  during  an  Sj  minute  exposure 
to  3.5  g  associated  ivith  development  of  a  vasov;  ’al 
type  reaction  in  a  normal  subject  (No.  4)  occur  z 
towards  the  end  and  following  the  tenniration  of  the 
exposure. 

Note  the  large  cyclic  fluctuations  in  aortic  pressure  usually 
seen  prior  to  and  during  the  exposure.  Following  the  onset  of  accel¬ 
eration,  the  frequency  of  these  variations  in  pressure  increased.  The 
intermittent  determinations  of  cardiac  output  showed  an  initial  decrease 
with  the  onset  of  acceleration,  but  no  significant  further  systematic 
change  as  the  exposure  was  prolonged  to  8|  minutes.  During  the  7th 
minute  of  the  exposure  the  variation  in  aortic  pressure  decreased  and 
there  was  an  actual  fall  in  both  systolic  and  diastolic  pressure 
beginning  at  minute  3,  The  heart  rate  failed  to  increase  in  response 
to  this  decrease  in  pressure  and  the  subject  experienced  loss  of 
peripheral  and  then  central  vision  prior  to  termination  of  the  exposure. 
The  pressure  and  heart  rate  continued  to  fall  following  stoppage  of  the 
centrifuge  until  5  minutes  after  termination  of  the  exposure  when  the 
subject  becaine  nauseated  to  the  point  of  retching.  Use  pressure  and 
heart  rate  then  rose  to  normal  values  and  the  normally  present  cyclic 
fluctuations  in  aortic  pressure  returned  approximately  3  minutes  after 
the  termination  of  the  acceleration. 
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when  co'^ipared  with  the  tpuporally  contiguous  control  value  was  similar  to  that 
obtained  in  the  first  series  of  experiments  and  rans^ed  from  11  to  16,  from  16 
to  32,  and  from  36  to  72  percent  at  2,  3,  and  3}  g,  respectively.  As  the 
acceleration  was  prolonged  to  10  minutes,  the  average  percent  increase  became 
greater  during  the  3  and  3\  g  exposures  while  the  individual  variation  remained 
about  the  same.  The  average  variation  during  tne  control  (1  g)  period  was 
-4  to  +1  percent  of  the  individual’s  average  control  value. 

As  would  be  expected  from  previous  comparisons,  tue  average  control 
values  for  stroke  index  were  approximately  the  same  as  in  t!ie  initial  series 
of  headward  acceleration  studies,  (table  10).  Following  the  initial  decrease 
in  stroke  volume  with  the  onset  of  accelerati- n,  there  was  no  systematic 
alteration  in  the  a-’erage  percent  decrease  throughout  the  10  minute  exposures 
to  acceleration.  The  average  decrease  ranged  from  13  to  24,  from  23  to  36 
and  from  26  to  53  percent  of  the  individual’s  control  value  prior  to  the 
exposure. 


The  control  values  for  mean  arterial  pressure  (table  11)  were  in 
close  agreement  with  those  of  the  previous  series  of  studies,  ''■'ith  the 
exception  of  three  isolated  instances,  a  consistent  increase  in  mea  ■  arter  al 
pressure  was  recorded  in  all  5  subjects  upon  expesure  to  acceleration.  The 
average  percent  increase  in  mean  arterial  pressure  from  the  individual  temporally 
contiguous  control  value  remained  relatively  stable  during  the  10  minute  period 
of  acceleration,  ranging  from  2  to  6,  from  15  to  IS,  and  from  4  to  21  percent 
a.t  2,  3,  and  3}  g,  respectively.  During  the  10  minute  control  period,  the 
mean  arterial  pressure  remained  within  -S  to  *5  percent  of  the  individual’s 
average  control  value. 

The  control  values  for  total  peripheral  resistance  also  were 
relatively  the  sa"e  as  those  recorded  in  the  initial  series  of  <  oeriments, 

(table  12)  the  average  per  cent  variation  during  the  10  minute  .rol  period 
ranging  from  -9  to  +11  percent  of  the  individual’s  average  control.  On  the 
average  the  total  peripheral  resistance  incrca.sed  with  the  onset  of  acceleration 
and  the  degree  of  this  increase  ranged  from  11  to  27,  from  24  to  47,  and  from 
38  to  46  percent  of  the  individual’s  control  value  prior  to  the  exposure  at 
2,  3,  and  3^  g,  respectively.  No  systematic  increase  or  decrease  could  be 
determined  as  the  acceleration  was  prolonged,  the  range  of  average  values 
not  exceeding  those  recorded  during  the  control  period. 
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JJJ.  The  Effects  of  "orvarc'  /<ccelerptic-n  of  10  ‘  inutes  Duration 


"or  this  series  of  accelerations  the  subject  \;as  supported  io  ?. 
supine,  seated  position  by  a  nylon  net  strung  tightly  to  a  contoured  metal 
frame  (figure  11).  The  trunk  formed  a  12  degree  angle  with  the  floor  of  the 
centrifuge  cockpit  and  the  legs  -.eie  flexed  to  form  100  degree  angles  at  both 
the  hips  and  krees.  For  each  determination  of  cardiac  output  during  these 
forward  acceleration  studies,  the  turning  of  stopcocks  for  blood  withdrawal, 
iriuico toiT  iiijeclion,  and  flushing  of  the  cat'nerer  systems  '.as  performed  by 
the  subject.  The  activation  of  the  auto.m.-..tic  '-.'ithdrawal  arid  injection  syringes 
as  well  as  the  starting  and  stopping  of  t'.e  cmt  rifuge  viere  under  the  conirol 
of  the  center  observer,  \'o  overhead  observer  was  necessary  during  these 
experiment  s. 

Three  subjects  (>:o,  3,  4,  and  6  of  the  original  panel)  were  exposed 
to  3  separate  plateau  levels  of  forward  acceleration  of  up  to  10  minute.s 
duration  in  sequence  at  2,  3\,  and  5  g,  respectively.  T'le  sequence  of  exposures 
was  reversed  in  a  "epeat  experLment  with  subject  No.  4  as  well  as  in  an 
experiment  with  subject  No.  7.  In  addition,  subjects  No.  1  and  5  were  exposed 
to  two  separate  plateau  levels  of  2  and  S’-  g  for  up  to  10  minutes  duration, 
total  of  29,  30,  and  21  dye  dilution  curves  were  recorded  during  these 
exposures  to  2,  3^,  and  5  g,  respectively,  Thxrty-five  control  (1  g)  deter¬ 
minations  of  cardiac  output  were  performed  prior  to  and  following  the  80 
determinations  carried  out  during  centrifuge  rotation.  In  addition  to  these 
controls  5  of  the  6  subjects*  cardiac  outputs  were  determined  5  separate 
times  in  rapid  succession  during  a  10  minute  period  v?ith  the  centrifuge 
stationary.  The  catheterization  procedure  was  identical  to  the  two  previous 
series  of  experiments.  .411  pressures  were  referenced  to  the  mid  chest  at 
the  level  of  the  3rd  intercostal  space  at  the  sternum.  The  shi  in  reference 
level  was  recorded  by  means  of  the  thistle-tube  system  described  previously. 
Nechanical  extensions  were  attached  t  o  the  t»*o— stopcocks  on  the  radial 
cuvette  -nd  venous  catheter  systems,  and  brought  to  a  central  control  panel 
which  the  subject  operated  as  directed  over  the  intercomnunication  system  by 
an  observer  reading  from  a  printed  sequence  (figure  12), 

Tl'se  results  are  shown  in  Tables  13  to  17  and  Figures  13  to  17, 
which  depict  the  effects  of  fonvard  acceleration  of  up  to  10  minutes  duration 
on  cardiac  cutout,  heart  rate,  stroke  volui.ie,  mean  arterial  pressure,  and 
total  peripheral  resistance,  ks  -vill  he  evident  from  the  re.sults  depicted 
graphically,  a  significant  difference  occurred  in  the  valuc.s  obtained  during 
the  2  and  5  g  e.xposures  respectively  •.•■■hen  the  sequence  of  exposures  to 
acceleration  was  reversed.  The  re.sults  of  the  two  experiments  in  -.ihich  the 
sequence  "as  reversed,  therefore,  ■••/ere  omitted  from  the  a;-.alysis  of  per  cent 
changes  in  relation  to  duration  of  exposure  in  tables  13  through  17. 

The  average  and  range  nf  control  values  for  cardiac  output  in  the 
'.eated,  supine  position  (table  13)  are  significantly  higler  than  those  obtained 
in  the  upright,  seated  position  prior  to  the  heaev/ard  acceleration  studies. 

The  average  cardiac  output  varied  from  -3  to  +9  percent  of  the  average  control 
value  over  a  10  minute  period  of  time,  and  tne  individual  varia'.ion  w-as  from 
-30  to  +13  percent  of  tiie  individual's  average  control.  This  degree  of 
variation  was  significantly  less  than  that  associated  with  the  upright, 
seated  position,  .iith  the  onset  of  forward  acceleration,  the  cardiac  outptit 
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Figure  11.  Contoured  nylon  support  system  used  for  the  forwar  ‘ 
acceleration  studies.  A.)  Plaster  headpiece  worn  by  subject 
permit  firm  attachment  of  the  earpieces  to  measure  blood  o:{ygen 
saturation  and  ear  opacity  pulse.  B»)  Automatic  syringe  for  blood 
withdrawal  and  infusion  from  the  radial  artery  through  the  cuvette 
oximeter  C.).  D.)  Arm  and  wrist  support  to  maintain  position  of 

left  arm  and  wrist  containing  arterial  and  venous  catheters.  E.) 
Strain  gauges  for  Measurement  of  aortic,  radial  artery,  and  right 
atrial  pressures.  F.)  Tnistle  tube  and  connecting  tubing  iiJii'^h 
when  filled  with  fluid  and  attached  to  subject  were  opened  to  the 
manometer  systems  during  exposures  to  the  levels  of  acceleration 
studied  to  allow  accurate  recording  of  shifts  in  baseline  imposed 
on  these  systems  by  the  acceleration  and  the  shift  of  the  subject 
in  the  seat.  G.)  Electrocardiograph  leads.  H.)  Panel  with 
5  control  knobs  attached  to  stopcocks  which  permit  the  subject  to 
flush  the  aortic  catheter,  interchangeably  connect  both  the  right 
atrial  catheter  with  either  the  manometer  or  the  dye  injection 
syringe  and  the  radial  artery  needle  with  either  the  manometer  or 
the  automatic  withdrawal  infusion  syringe,  and  allow  adequate  flushing 
of  the  syringe  tubing  to  prevent  clotting  betw-^en  determinations  of 
cardiac  output.  The  mechanism  for  flushing  the  radial  artery  catheter 
vhich  was  activated  by  the  left  foot  is  not  shown.  J.)  Oral  airway 
containing  thermocouple  for  recording  of  respiration  and  K.)  mouth 
microphone  for  intercommunication  system,  L.)  Automatic  dye  injection 
syringe.  M.)  Part  of  pressurized  flushing  system  to  keep  catheter- 
manometer  systems  from  clotting. 
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Figure  12.  Subject  shov/n  operatinj  the  remote  stopcock  controls 

from  a  centra'  control  panel.  The  seouence  of  operation 
is  received  through  the  earphones  fr  n  an  observer 
stationed  outside  the  centrifuge  room.  Subject  is  able 
to  commnnicate  y/ith  tne  observer  by  means  of  the  micro¬ 
phone  siiown  just  above  the  mouth  piece.  The  oximeter  for 
recording  the  blood  content  of  the  ear  and  the  oxygen 
Saturation  of  this  blood  is  shown  in  place  and  fixed  in 
position  on  the  plastic  helmet. 


decreased  from  control  levels  in  every  case  but  one  during  the  2  g  exposure 
(figure  13)  and  increased  from  control  levels  in  all  but  two  instances  during 
the  g'  and  5  g  exposures.  As  these  exposures  were  prolonged  to  10  minutes, 
multiple  determinations  of  output  at  approximately  2  minute  intervals  did 
not  demonstr:»te  any  systematic  changes  in  the  average  values,  the  average 
variation  not  exceeding  that  of  the  ci  trol  period.  The  average  decrease  in 
card'  c  output  ranged  from  12  to  19  percent  of  the  teirporally  contiguous 
control  values  during  the  2  g  exposure.  The  average  increase  in  output 
ranged  from  16  to  26  and  from  11  to  34  percent  of  the  control  value  prior 
to  exposures  to  3g  and  5  g,  respectively.  Since  the  control  value  i.imediately 
follov/ing  the  2  g  acceleration  in  those  suDjects  exposed  in  the  original 
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Figure  13,  Effect  of  forward  acceleration  on  cardiac  output  in  six 
healthy  subjects. 

Subjects  1,  3,  4,  5,  and  6  are  represented  by  syrbols  (for  key, 
see  table  1),  and  every  determinatiMi  of  cardiac  output  prior,  during 
and  following  exposures  to  2,  3|,  and  5  g  forward  accelerations  re¬ 
spectively  are  plotted  in  relation  to  time  shown  on  the  abscissa.  In 
addition,  subject  7  and  subject  4  were  exposed  to  the  same  three  levels 
of  acceieration  in  a  reverse  sequence  (5,  3j,  and  2  g)  and  the  deter¬ 
minations  performed  during  these  experiments  are  plotted  using  letters 
of  tlie  alphabet  in  the  seouence  in  '^ich  they  were  performed.  Those 
determinations  joined  by  the  solid  lines  indicate  no  inter  tion  in  the 
tine  sequence.  Those  values  joined  by  the  dashed  lines  indivdte  an 
indetermi  late  time  interval  between  t--.’o  determinations.  Dotted  lines 
were  used  to  allov/  the  reader  to  follow  the  determinations  of  the  two 
subjects  in  whom  the  sequence  of  exposure  was  reversed, 

'.I'ith  the  onset  of  2  g  acceleration,  subjects  1,  3,  4,  and  6  showed 
a  decrecise  in  output  but  as  the  exposure  was  prolonged  to  10  minutes, 
multiple  determirations  of  output  at  approximately  two  minute  intervals 
failed  to  demonstrate  any  systematic  chan?e.  It  is  probable  that  the 
first  control  determination  of  output  was  associated  with  some  degree 
of  anxiety  on  the  part  of  these  subjects  associated  with  the  start  of 
\vhat  they  knew  would  be  a  grueling  experience.  The  control  1  g  values 
immediately  following  the  2  g  exposure  showed  an  even  greater  decrease 
in  output  in  relation  to  the  initial  control  value  possibly  due  to  the 
decrease  in  anxiety  associated  with  the  successful  negotiation  of  the 
first  period  of  centrifuge  rotation.  In  general  the  control  levels  of 
cardiac  output  decreased  as  the  experiment  progressed.  This  was  also 
demonstrable  in  the  two  subjects  whose  exposures  to  acceleration  were 
carried  cut  in  reverse  sequence. 
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sequence  shows  an  even  greater  decrease  in  output,  it  is  possible  that  the 
first  control  determination  was  associated  with  a  degree  of  anxiety  on  the 
part  of  these  subjects  prior  to  the  first  eye  injection,  and  exposure  to 
acceleration  in  this  position.  It  is  of  interest  in  this  regard  that  the 
control  level  of  cardiac  output  decreased  £s  the  experiment  progressed 
(table  13,  figure  13). 

Two  of  the  five  subjects  were  unable  to  complete  the  5  g  acceler¬ 
ation;  one  because  of  nausea  and  vo..iting  and  the  other  because  of  substern  1 
chest  pain.  No  one  reported  any  visual  symptoms  nor  were  there  any  vaso¬ 
vagal  episodes  as  occurred  with  the  prolonged  headward  accelerations. 

There  was  a  decrease  in  the  average  heart  rate  (table  14,  figure  14) 
ranging  from  4  to  16  percent  of  the  control  value  prior  to  acceleration  during 
the  exposure  to  2  g.  The  heart  rate  increased  from  the  temporally  contiguous 
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Figure  14.  Effect  of  forward  acceleration  on  heart  rate  in  six 
healthy  subjects. 

See  legend  figure  13,  for  explanation  of  the  symbols.  Measure¬ 
ments  of  heart  rate  were  made  from  that  portion  of  the  record  obtained 
simultaneously  with  the  determination  of  cardiac  output.  In  response 
to  acceleration,  the  heart  rate  increased  during  the  3|  and  5  g  exposures 
but  varied  at  the  2  g  level. 


control  value  ir.  every  case  during  the  3|  and  5  g  exposures  (table  14).  The 
average  and  range  of  increase  was  19  to  29  and  from  35  to  82  percent  at  the 
3|  and  5  g  levels,  respectively.  Die  average  variation  during  the  10  minute 
control  period  was  -1  to  +6  percent  of  the  individual's  average  control  value. 
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In  general  tlip  control  values  for  heart  rate  in  this  position  '-/ere  lower  than 
those  recordec"  in  the  upright  position  in  the  previous  studies  of  headward 
acceleration.  The  heart  rate  was  higher  during  the  first  control  determination 
of  cardiac  output  prior  to  the  exposure  to  2  g  than  for  any  o'"  the  other 
control  values  for  he^rt  rate,  thus  supporting  the  interpretation  staled  in 
the  prior  paragraph  that  the  subject  was  in  a  sonewhat  more  excited  state  at 
this  tL-ne  than  during  the  subsequent  periods  of  the  experiment. 

The  control  values  for  stroke  volume  were  significantly  greater 
(table  151  in  this  position  than  those  recorded  for  the  upright  seated 
position,  as  vould  be  expected  from  previous  comparisons.  Tlu*  change  in 
stroke  volume  \vhich  took  place  with  the  onset  of  acceleration  was  extremely 
variable  (figure  15)  and  on  the  average  ranged  from  -20  to  -4  and  from  -5  to 
+1  percent  of  the  temporally  contiguous  control  values  during  the  2  and  3|  g 
exposures.  There  was  a  significant  decrease  in  stroke  volume  of  from  -20  to 
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Figure  15,  Effect  of  foru'ard  acceleration  on  stroke  index  in  six 
ticalthy  subjects,  To  striking  systematic  changes  are 
evident. 


-31  percent  during  the  5  g  exposure  to  forward  acceleration  of  10  minutes 
duration.  Following  the  determinations  ';ade  during  the  first  minute  of  the 
exposures,  there  was  no  systenatic  alteration  in  the  values  obtained  during 
th.e  jbsei'uent  10  minutes  of  the  exposure  to  accelernion.  Vne  average  stroke 
volu--e  ranged  from  -6  to  +11  percent  of  the  individual's  control  value  during 
the  10  minute  period  of  determinations  with  the  centrifuge  stationary. 
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TT-  e  control  values  for  mean  aortic  pressure  in  the  supine  seated 
position  were  significantly  higher  than  those  recorded  ir  the  upright,  seated 
position  (table  16).  A  consistent  increase  in  mean  arterial  pressure  was 
recorded  in  all  5  subjects  upon  exposure  to  forward  acceleration  (figure  16). 
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Figure  16,  Effect  of  forward  acceleration  on  aortic  pressure 
in  six  healthy  subjects.  Note  the  increasing 
degree  of  systemic  hypertension  associated  with 
exposures  to  higher  levels  of  forward  acceleration, 

■•.'hen  compared  with  the  control  value  obtained  just  prior  to  the  exposure, 
the  average  increase  ranged  from  7  to  17,  from  19  to  23,  and  from  17  to  31 
percent  at  2,  3|,  and  5  g,  respectively.  During  the  10  minute  control  period, 
the  individual's  mean  arterial  pressure  ranged  from  -4  to  +6  percent  of  the 
average  co.itrol  value. 

Toe  control  values  for  toral  peripheral  vascular  resistance 
(pressure/flov  ratio)  were  approximately  the  same  as  those  obtained  in  the 
previous  2  series  of  experinents  (table  17),  The  average  percent  variation 
was  from  -5  to  +5  percent  of  the  individual's  average  control  value,  during 
the  13-minute  control  period  when  5  successive  determinations  of  cardiac 
output  were  carried  out,  -^hen  the  centrifuge  v;as  stationary.  '"Jhen  compared 
to  till-  first  control  (1  g)  value  the  average  vascular  resistance  increased 
with  ♦he  onset  of  the  first  exposure  to  acceleration  of  2  g  in  those  subjects 
exposed  to  the  original  se‘.;uence  (figure  17).  The  average  increase  ranged 
from  29  to  S')  percent  during  this  first  10  minute  exposure  to  acceleration 
in  the  experimental  sequence.  However,  the  average  value  obtained  du.ing  the 
control  (1  g)  determination  immediately  following  this  exposure  was 
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Figure  17,  Effect  of  forward  acceleration  on  total  peripheral 
"resistance"  in  six  healthy  subjects.  No  striking 
systematic  changes  are  evident. 


significantly  higher  than  the  first  1  g  value,  and  did  not  differ  significantly 
from  the  values  obtained  during  this  ejqsosure.  This  suggests  as  did  the  values 
for  cardiac  output  and  heart  rate,  that  the  hemodynamic  status  of  these  subjects 
was  significantly  different  during  the  first  control  determination  of  cardiac 
output  c,.rfied  out  at  the  onset  of  the  exj'eriment  prior  to  any  ex  ■'sure  to 
accelci-ation  than  during  any  of  the  subsequent  control  determinat.  i  carried 
out  during  the  remainder  of  the  experiment.  There  was  no  systematic  alteration 
in  resistance  as  the  exposure  to  acceleration  was  prolonged.  The  peripheral 
"dscular  resistance  tended  to  he  increased  slightly  at  and  5  g  in  relation 
to  tlie  temporally  contiguous  control  value  prior  to  the  exposures.  There  was 
a  systematic  decrease  in  vascular  resistance  of  11  and  1"  percent  during  the 
determinations  at  1  g  immediately  following  these  exposures. 

Forward  acceleration  produced  a  striking  effect  on  right  atrial 
pressure  in  these  subjects  as  shown  in  figure  18.  This  increment  in  atrial 
pressure  became  greater  as  the  magnitude  of  acceleration  increased,  a  four¬ 
fold  increase  taking  place  in  some  cases  at  5  g.  Upon  reaching  the  plateau 
acceleration  there  was  a  gradual  but  significant  decline  in  this  rise  in 
pressure  attained  at  the  onset  of  acceleration  as  the  exposure  was  prolonged 
to  10  minutes.  In  relation  to  the  value  obtained  at  1  g  prior  to  each 
exposure,  there  is  a  systematic  decrease  in  right  atrial  pressure  at  1  g 
immediately  after  each  exposure,  suggesting  a  loss  of  circulating  blood  volume 
d’Ting  the  exposure  and  an  increase  in  the  capacity  of  the  vascular  bed. 
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Figure  18.  Effect  of  forwarti  acceleration  on  right  atrial 

pressure  in  six  healthy  subjects.  Note:  (1)  the 
increasing  magnitude  of  the  incremc"!  in  atrial 
pressure  with  increased  levels  of  acceleration; 

(2)  the  progressive  decrease  in  right  atrial  pressure 
from  the  liaximum  level  attained  at  the  onset  of 
acceleration;  and  (3)  that  in  relation  to  the  value 
at  1  g  before  each  exposure  there  is  a  systematic  de¬ 
crease  j.n  right  atrial  pressure  at  1  g  immediately 
after  each  exposure.  This  suggests  loss  of  circulati.,j 
blood  volume  during  the  exposure  ano/or  an  increased 
capacity  of  the  vascular  bed. 


As  was  the  case  in  the  headward  acceleration  studies,  marked 
decreases  in  arterial  blood  oxygen  satoration  took  place  during  exposure 
to  forward  acceleration.  The  changes  taking  place  in  subject  7  during 
exjjosure  to  5  g  acceleration  are  shown  in  figure  19.  With  the  subject 
breathing  air,  an  itrmediate  fall  in  arterial  blood  oxygen  saturation  was 
recorded  via  the  cuvette  oximeter  upon  exposure  to  acceleration.  This  rapid 
decrease  in  saturation  with  the  onset  of  acceleration  is  compatible  with  the 
occurrence  of  a  "physiologic"  right-to-left  shunt,  irpoii  termination  of  the 
exposure  there  v/as  a  slow  return  of  oxygen  saturation  to  normal  levels.  One 
interpretation  of  this  phenomenon  would  be  that  a  partial  collapse  of  the 
dependent  portions  of  the  lungs  may  occur  during  the  exposure,  and  would 
require  some  length  of  time  to  return  to  normal  function.  This  same  subject 
was  ev-ijosed  to  5  g  for  30  secunus  while  bveathing  99%  oxygen.  No  decree:-? 
in  arterial  blood  oxygen  saturation  took  place  within  this  length  of  time 
which  is  further  evidence  of  a  defect  in  the  ventilation-perfusion  function 
'f  the  lung  duri'-  '  forward  acceleration. 
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SECONDS 


Figure  19.  Changes  in  arterial  oxygen  saturation  during  exposure 
to  a  forward  acceleration  of  5  g  when  breathing  air 
and  oxygen  (subject  No.  7).  Note;  (1)  that  no 
decrease  in  arterial  oxygen  saturation  occurred 
during  a  30  second  exposure  vftien  breathing  99.67. 
cxygen;  (2)  the  rapidity  of  the  decrease  in  satu  'tion 
at  the  onset  of  the  acceleration  which  is  canpat.^ 
with  the  occurrence  of  a  "physiologic"  right-to-lei.t 
shunt  and  (3)  the  slowness  of  recovery  following 
terniination  of  the  exposure  which  is  compatible 
with  the  interpretation  that  partial  collapse  of  the 
dependent  portion  of  the  lungs  may  occur  during  the 
exposure. 
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cm  lENT 


The  measurement  of  cardiac  output  from  dye-dilutior.  curves  recorded 
continuously  by  the  cuvette  oximeter  is  an  accepted  procedure  (ref,  12) » 
Satisfactory  agreement  between  the  indicator-dilution  anc'  the  direct  Pick 
methods  under  usual  laboratory  conditions  has  been  established  by  studies 
from  many  laboratories  (ref.  6).  It  must  be  recognized,  hov;ever,  that  under 
the  extreme  conditions  of  these  studies  disturbances  in  the  circulation  such 
as  retentiiTi  of  dye  in  dependent  portiens  of  the  lung,  sdiere  blood  nay  tend 
to  stagnate  or  flow  more  slowly,  may  invalidate  the  method.  There  is  no 
direct  evidence  from  these  experiments  that  dye  wsi  not  lost  in  this  manner, 
or  that  other  disturbances  in  the  circulation  may  not  have  interfered  with 
this  method.  But  conversely,  gross  alteration®  in  the  time  components  of 
the  dilution  curves  recorded  in  these  experiments  —  the  appearance  time, 
buildup  time,  passage  time,  and  recirculation  time  of  the  dye  —  as  wCil 
as  decreases  in  the  disappearance  slope  of  the  curve  might  be  expected  if 
this  wore  the  case.  Analysis  of  the  time  components  of  the  dilution  curves 
recorded  during  centrifugation  in  the  upright  seated  position  shewed  an 
average  increase  of  2^  percent  or  less  as  co'p'.red  with  the  curves  measured 
during  cjntrol  conditions.  Ttie  disappearance  slope  showed  an  average  decrease 
of  30  percent  during  acceleration.  Tliese  changes  in  the  different  time 
components  of  individual  curves  were  similar,  so  that  the  contours  of  the 
curves  recorded  during  acceleration  v;ere  not  apparently  different  from 
normal  (figure  3).  The  generalized  increase  in  time  components  and  decrease 
in  disappearance  slope  were  consistent  with  the  changes  which  would  be 
expected  with  the  decreases  in  cardiac  output  that  were  obtained  in  this 
series  of  studies  of  headward  acceleration.  It  doss  not  appear  that  the 
ct'.onjes  ill  contour  of  the  curves  are  of  such  nature  or  magnitude  as  to 
invalidate  the  indicator-dilution  r.ethod  of  determining  cardiac  outpi  xnder 
any  of  these  conditions, 

^  basic  assumption  of  the  indicator-dilution  method  is  that  the 
blood  flow  re.'.ains  constant  during  the  period  of  inscription  of  the  curve 
(ref,  11).  Accordingly,  no  attempt  was  niade  to  determine  cardiac  output 
by  this  I’ethod  during  the  initial  10  tc  15  seconds  of  exposure  to  headward 
acceleration,  for  it  is  well  knoivn  that  dramatic  cardiovascular  compensatory 
reactions  occur  during  this  period  (ref,  17),  Recordings  of  blood  pressure 
and  other  parameters  suggest  that  the  initial  cardiovascular  compensatory 
reactions  are  largely  completed  -within  the  first  15  seconds  of  the  exposure 
(ref.  17),  Mence  it  might  be  anticipated  that  the  blood  flow  during  the 
period  20  to  40  seconds  after  the  onset  of  such  an  exposure  would  be  sufficiently 
stable  to  allo'w  a  determination  of  cardiac  output  by  the  indicator-dilution 
p'ethid  during  this  time.  In  any  event,  this  has  been  a  necessary  assumption 
in  these  studies. 

The  use  of  indocyanine  dye  permitted  multiple  determinations  of 
cardi'  T  output  without  systemic  toxicity  or  discoloration  of  the  subject's 
skin.  Also,  the  recording  of  dye  concentration  in  whole  blood  was  unaffected 
by  changes  in  oxygen  saturation  (ref.  2 ),  The  latter  consideration  was 
important  because  of  the  variations  (87  to  99  percent)  in  arterial  bipod 


44 


oxygen  saturati  >:'i  which  occurred  durinj  the  exposures  to  headward  acceleration 
and  those  of  even  jrealer  magnitude  that  occurred  during  forward  acceleration. 


To  refer  all  .seasurements  of  pressure  to  the  third  intercostal 
Space  at  the  stcrnun  or  to  the  mid  chest  "'ay  seem  arbitrary  and  to  some 
degree  meaningless  from  the  hemodyiiai'ic  viewpoint  if  the  heart  moves  dotvnward 
or  backward  under  the  influence  of  acceleraticr  ,  Roentgenograms  of  the  upper 
part  of  the  body  taken  at  the  end  of  expiration  in  subject.;  experiencii  ? 
headward  accelerations  to  S  g  (ref.  1?)  revealed  Ipss  than  1  cm,  of  shift  in 
the  base  of  the  heart  >vhen  the  distance  bet'.veen  the  base  of  the  skull  and  the 
juncture  of  ths  r’jrlcls  '.’ith  the  .<ss  •^CwCurt'.i*  Thus  it  is  pOwSiblc 

to  reference  pressures  recorded  during  headward  acceleration  to  an  external 
point  on  the  body  (in  this  case,  the  thir^  intercostal  space  at  the  sternum) 
and  still  be  certain  that  any  shift  of  this  point  v;ill  be  reflected  by  a 
shift  in  heart  level.  On  the  other  hand,  the  heart  has  been  snown  to  shift 
posteriorly  as  much  as  2  cm.  during  f  -rward  acceleration  up  to  6  g.  S^nce 
the  external  reference  point  for  pressures  recorded  during  forward  acceleration 
\;as  located  at  the  mid  chest  position  at  the  level  of  the  third  interco3''al 
space,  it  was  not  possible  to  take  into  'ccount  any  change  in  hear,  level 
which  might  occur  -.ithin  the  chest  upon  exposure  to  acceleration.  As  shown 
in  table  16  (figure  16),  the  arterial  pressure  recorded  during  forward 
acceleration  increased.  Any  posterior  shift  of  the  heart  v..  .ch  might  take 
place  during  acceleration  tnuld  act  to  decrease  the  level  of  pressure  being 
recorded.  These  results  then  must  be  caisidered  in  light  of  these  facts. 


Following  the  initial  15  seconds  of  headword  acceleration  at  4  g, 
all  subjects  in  the  first  series  of  experiments  reported  clear  vision.  Further 
validation  of  the  measurements  of  aortic  pressure  was  gained  by  calculating 
the  intra-..rterial  pressure  at  heart  level  necessary  to  maintai  adequate 
arterial  pressure  at  eye  level  to  prevent  interruption  of  the  cis-vulation 
to  the  eyes  and  the  resulting  loss  of  vision  (blackout).  Since  it  has  been 
shown  that  30  mm,  Hg,  of  pressure  at  eye  level  is  necessary  to  prevent 
collapse  of  the  retinal  vessels  as  a  result  of  ini re~ocular  pressure  (ref,  10), 
and  since  the  distance  from  the  eye  to  the  third  intercostal  space  at  the 
sternum  measured  30  to  35  cm,  in  these  subjects,  it  was  calculated  that  a 
mean  pressure  of  112  to  128  mm.  Hg.  at  heart  level  was  necessary  to  prevent 
blackout  at  4  g,  Al.'  6  subjects  had  pressures  within  or  above  this  range 
during  the  20  to  40  second  period  of  the  exposure  during  vrfiich  these 
particular  measurements  were  made. 

The  hydrostatic  pressure  differences  between  the  upper  and  the 
dependent  portions  of  the  body  in  the  seated  position,  which  are  greatly 
exaggerated  during  exposure  to  acceleration,  render  the  interpretation  of 
the  phyS'.ologic  significance  of  values  for  pressure/flow  ratios  calculated 
under  these  circumstances  even  more  difficult  than  usual.  These  estimated 
values  which  are  referred  to  heart  level  have  no  direct  significance  regarding 
the  relationship  between  blood  pressure  and  flow  throu^  segments  of  the 
circulation  at  different  levels  above  and  below  ;he  heart.  The  pressure/flovf 
ratio  as  calculated  does,  however,  have  some  significance  '•  relation  to  the 
resistance  against  which  the  left  side  of  the  heart  was  pu  .  ng  under  the 
conditionr.  studied. 
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Tlie  reia*^ively  3^>all  degree  of  protection  afforded  by  the  rathei 
incffectu'.l  inc'  unevc^  p -essurizalion  of  the  lo'.er  body,  provided  by  inflation 
of  tfii:  i-3A  suit  during  headward  acceleration,  did  not  gi%e  a  good  basis  upon 
".hich  to  investigate  the  nechanisir  of  such  protection.  Furthermore,  the 
protection  afforded  hy  such  devices  is  mere  obvious  during  the  initial  15 
seconds  of  ex 'osure  to  accelerati  on  than  during  the  snVise-uent  period,  viien 
the  inmediaie  cardiovascular  coaipensatory  reactions  have  hrd  sufficient  tirie 
to  cere  int'i  full  effect.  The  re an  aortic  pressure  was  the  only  pararater 
studied  in  •vhich  a  stat istita* ly  sigr.ific  nt  difference  -.■a;,  foiu’i;  betvecn  th 
values  uutuineU  duiiii,.,  e.\  ■uj'Uie  to  iiead.'/aid  ac cci'  rali.-'n  '.'it!',  uiid  without 
inflation  of  the  an t i-olackout  s.;it,  Jince  a  systp;i.atic?lly  smaller  decrease 
in  cardiac  output  was  not  demonstrated  during  these  exposures  with  the  suit 
inflated,  it  appears  that  the  'cchanisi  for  tlie  increase  in  aurtic  pressure 
produced  by  the  suit  was  an  inciease  ^n  the  le>el  of  systeric  arterial 
resistance.  The  average  increase  in  pre? su re/f"!  nw  ratio  obtained  during 
exposures  with  tlic  suit  inflated  s  in  fact  greater  tli.n  for  the  exposures 
withoiit  suit  protection.  This  difference,  however,  did  not  attain  statisticrl 
significance  (table  6).  Tt  has  been  demonstrated  previouslv  that  inflation 
of  ar-  anti-blackout  suit  elevates  the  base  of  the  heart  2  to  3  cm.  (ref.  13). 

If  under  this  ci rcu-stance  blood  pressure  were  unchanged  at  true  heart  level, 
such  an  effect  would  produce  an  incre.ise  in  blood  pressure  to  2  to  3  mm,  'Ig. 
per  g  wl'.cn  measured  at  a  fixed  external  ooint  on  the  body  such  as  the  level 
of  the  third  interspace  at  the  sternum.  Tlieoreticaliy  liiis  effect  would 
provide  a  protectii.m  of  less  than  0.5  g  at  an  acceleration  of  4  g. 

Tlicse  considerations  lend  support  to  the  concept  that  the  protection 
afforded  by  an  anti-blackout  suit  is  related  to  the  degree  of  hypertension 
at  heart  level  wiiich  inflation  of  the  suit  produces  during  exposure  to 
acceleration  (»-ef.  I6).  The  results  of  the  present  study  suggest  thr’’  this 
increase  in  arterial  pressure  results  cliiefly  from  an  increase  in  sy:  ic 

vascular  resistance  rather  than  frorti  an  increase  in  cardiac  output. 

It  should  be  re-emphasized  that  tiie  determinations  of  cardiac  output 
luring  the  60  sec< nd  exposures  to  headward  acceleration  in  the  first  series 
'-'f  studies  were  limited  to  the  period  from  20  to  40  seconds  ofter  the  onset 
of  plateau  levels  of  acceleration.  The  changes  in  cardiac  output  demonstrated 
during  this  period  of  an  exposure  to  acceleration  cannot  be  extrapolated  with 
validity  to  other  periods  during  the  exposure,  as  der.’onst rated  by  the  results 
of  the  multiple  determinations  of  flow  performed  during  the  10  nii.ute  exposures 
to  head».'ard  acceleration,  Particularly  this  is  true  for  the  iiitial  10  to 
15  Seconds  of  exposure  to  accelerations  with  a  rapid  onset  wiiivh  at  levels 
01  greater  than  3  g  produce  temporary  insuf 'iciency  of  circulation  to  the 
head  and  hence  dramatic  cardiovascular  compensatory  reactions  presumably 
including  changes  in  blood  flow. 

Elucidation  of  the  changes  in  cardiac  output  and  t'le  relative 
distribution  of  this  flow  to  the  hociy  in  human  subjects  during  the  initial 
period  of  circulatory  failure  and  cardiovascular  compensation  induced  by 
headward  acceleration  re<:'iires  the  application  of  methods  capable  of  determining 
instant-to-instant  changes  in  blood  flow  in  tiie  intact  organism.  Neither  the 
conventional  direct  Fick  or  indicator-dilution  tecbnicpies  using  sudden  single 
injections  is  applicable  to  these  requirements.  The  method  for  continuous 
measurement  of  lower  body  flow  in  man  described  by  Grace  and  co-workers  (ref,  5) 
provides  a  possibility  for  such  studies  if  the  technical  difficulties  of  its 
application  during  rotation  at  high  speed  on  a  centrifuge  can  be  overcome. 
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